The tomato is one of the most important agricultural plants in the world. However, little is known about the toxicological effects of NP on tomato crops or the accommodative responses of tomato plants to NP stress. Thus, in this study, relevant tests were performed using pot experiments, and they indicated that when the NP concentration in the soil was elevated from 25 mg kg −1 to 400 mg kg −1 , NP was progressively accumulated by the tomato plants. The NP induced growth inhibition and a declined in the total chlorophyll content, and it aggravated membrane lipid peroxidation in tomato plants. When confronted with NP stress, the tomato plants correspondingly induced their antioxidant enzymes via both molecular and protein pathways to relieve the NP-induced oxidative stress. All the above results would be illuminating for developing strategies to address NP-induced damage to agricultural output, food quality and public health.
Chlorophyll and lipid peroxidation. The total chlorophyll content was quantified according to Lichtenthaler and Buschmann 31 . Freshly collected leaves were cut into pieces, homogenized in 95% ethanol and centrifuged, and then, the absorbance values of the supernatant were detected at 663, 645 and 470 nm with a UV-visible spectrophotometer (SPECORD ® 200 Plus, Analytikjena, Germany).
The lipid peroxidation level in the plant tissues was characterized quantitatively using the method described by Ohkawa et al. 32 .
Antioxidant enzyme activity. The superoxide dismutase (SOD, EC 1.15.1.1) activities were expressed in terms of their inhibitory capability, as the photoreduction of nitro blue tetrazolium (NBT) discussed in Dai et al. 33 . The peroxidase (POD, EC 1.11.1.7) activity was evaluated by detecting the enzyme's ability to catalyse the oxidation of guaiacol by hydrogen peroxide 34 . The activity of the catalase (CAT, EC 1.11.1.6) was analysed using the method reported by Mckee et al. 35 . The ascorbate peroxidase (APX, EC 1.11.1.11) activity was determined by monitoring the rate of ascorbate oxidation caused by H 2 O 2 , as reported by Jiang et al. 36 . The activity of glutathione S-transferase (GST, EC 2.5.1.18) was detected in accordance with Habig et al. 37 . The activity of glutathione reductase (GR, EC 1.6.4.2) was investigated by observing the decline in the absorbance at 340 nm caused by the oxidation of NADPH as it participated in the reduction of oxidized glutathione 38 . Transcript abundance. The total RNA from the plant tissues was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA) and reverse-transcribed into cDNA using a ProtoScript First Strand cDNA Synthesis Kit (NEB, Ipswich, MA). The primers for the genes Cu/Zn-SOD, POD, CAT, APX, GST and GR were designed using the GenBank database (NCBI). The oligonucleotide sequences of the primers used in this study are as follows: Cu/ Zn-SOD: 5′-GGGTTGTCACTCTATCTCA-3′ (forward) and 5′-CACTATGTTTCCCAGGTC-3′ (reverse), POD: 5′-ATGCGGATAATCTCAAGT-3′ (forward) and 5′-AGTGGTCCATCTACAAGC-3′ (reverse), CAT: 5′-CATTCGCCTTCTTCTACG-3′ (forward) and 5′-GACAATATGTCCAGGGTTA-3′ (reverse), APX: 5′-CCATATCCGCCTCCACGAC-3′ (forward) and 5′-CAGCCCAAGCGAACCAAA-3′ (reverse), GST: 5′-TCCGTTTCTTCTACCTGATG-3′ (forward) and 5′-CATAGAATGCTTATACCAAG-3′ (reverse), and GR: 5′-CGTGGTTGCGTTCCTAAA-3′ (forward) and 5′-TGGACGATGAGCCCTACT-3′ (reverse www.nature.com/scientificreports www.nature.com/scientificreports/ products were loaded onto a 1% (w/v) agarose gel, and they were separated by electrophoresis and stained with ethidium bromide 30 .
NP extraction and analysis. In this study, to quantify detect the accumulation of NP in the tomato seedling tissues two grams of homogenized plant samples were ultrasonically extracted with 15.0 mL of methanol/ dichloromethane (1:4, v/v). After centrifugation, the supernatant was purified and concentrated with a solid phase amino extraction (NH 2 SPE) column and analysed using high-performance liquid chromatography with a fluorescence detector 39, 40 . The spike recovery tests indicated that the recovery of the extraction procedure was 90.1-95.2% for nonylphenol when applied to plant samples, with a relative standard deviation (RSD) of 1.5%-2.3% (n = 5), and the detection limit was 0.008 mg kg −1 .
Statistical analysis.
All the data were analysed using SPSS software version 19.0 for Windows. Each treatment was repeated three times with 10 seedlings each. Each of the presented data points were represented as the means ± standard deviation (SD). The significance of the differences among the differently treated groups was determined with a one-way analysis of variance (ANOVA), followed by Fisher's least significant difference (LSD) method for pair-wise multiple comparisons. The statistical significance was set at p < 0.05.
Results and Discussion
Accumulation. To evaluate the potential NP uptake by plants from NP-contaminated soil, the NP contents in the aerial and underground parts of the tomato plants were analysed. As shown in Fig. 1 , the NP contents in both the aboveground and underground parts of the seedlings kept increasing with the increased NP application rate in the soil. With exposure to 400 mg kg −1 NP for 28 days, the accumulation of NP in the shoots and roots reached up to 18.03 and 23.89 mg kg −1 , respectively ( Fig. 1 ). In addition, under the same conditions, the NP levels in the shoot tissues were relatively lower than those in the roots, suggesting that the NP would be a systemic organic chemical. As such, the NP could be absorbed from the soil by the roots and then partly transferred to the aboveground parts, and then ultimately located throughout the whole plants. Similar observations were previously reported in studies on the uptake and translocation of pesticides in plants 27,28 . Growth. As shown in Fig. 2 , the deleterious effect of NP on tomato seedlings was visually reflected by the stunted plant growth. With the increase in the soil NP concentrations from 25 to 400 mg kg −1 , the growth of the tomato plants exhibited a gradually declining trend. Compared to the control, a soil treatment of 400 mg kg −1 NP for 28 days markedly reduced the shoot lengths and root lengths by 50.1% and 56.3%, respectively, and they correspondingly decreased the dry weights of the shoots and roots by 74.8% and 77.0%, respectively. The results of the growth trials performed here indicated that the plant growth was notably affected by the presence of NP in the soil during the first four weeks, and tomato roots with a much stronger accumulation capacity for the NP in the soil appeared to be more susceptible to NP stress than the shoots.
Chlorophyll. Photosynthesis is the cornerstone of plant growth and development, and chlorophyll is the primary element associated with photosynthesis. Thus, it is essential to study the effect of NP on the chlorophyll contents of crop plants. As shown in Fig. 3 , the chlorophyll contents of the tomato plants decreased progressively with the increasing NP concentration in the soil. Exposure to 25 mg kg −1 NP could downgrade the chlorophyll content of tomato seedlings by 13.7% compared to the control. The same pigment-bleaching phenomenon was www.nature.com/scientificreports www.nature.com/scientificreports/ previously reported in a study on the effect of BPA, another environmental endocrine disruptor, on physiological processes in plants 41,42 . TBARS. It is broadly accepted that there is a causal link between exposure to environmental stresses (such as organic contamination) and the aggravation of membrane lipid peroxidation in plants 43 . Thus, the content of thiobarbituric acid reactive substances (TBARS), an indicator of the membrane lipid peroxidation level, was determined in this study. Compared with the control, the TBARS contents of the tomato seedlings were significantly raised by NP stress (Fig. 4 ). In addition, the maximum values in both the shoots and roots appeared in the 200 mg kg −1 NP treatment, which were 1.70 and 2.02 times the control values, respectively. It is not difficult to observe that the roots, which accumulated more NP than the shoots, suffered more serious oxidative damage. The TBARS contents then failed to rise further as the NP concentration increased from 200 mg kg −1 to 400 mg kg −1 . As shown in Fig. 4 , at 400 mg kg −1 NP, the TBARS contents of the shoots and roots were 1.38 times and 1.53 times the control, as reduced by 18.9% and 23.9%, respectively, in comparison with the 200 mg kg −1 NP treatment. These results might be ascribed to the leakage of cellular contents caused by the destruction of cell structural integrity, which is causally associated with relatively higher levels of NP stress 30,36 . Enzyme activities. It has been broadly recognized that abiotic stress can destroy the cellular redox equilibrium and in turn bring about the overproduction and superabundant accumulation of reactive oxygen species (ROS) 27, 44 . Now that oxidative stress induced by NP has resulted in pigment bleaching ( Fig. 3 ) and lipid www.nature.com/scientificreports www.nature.com/scientificreports/ peroxidation ( Fig. 4) , there is a question as to how plants could adapt to this stress. In fact, to improve their tolerability to various environmental stresses, plants are able to generate a set of protective and remediation mechanisms for the effective removal of ROS. Among these mechanisms, ROS-eliminating enzymes play an indispensable role and are often used as indicators of abiotic stresses 28, 45 .
For plant cells, SOD, which is present in all subcellular structures capable of producing ROS, is regarded as the first barrier to the overproduction of ROS 33, 46 . As shown in Fig. 5A , to counteract NP-induced ROS stress, the activity of SOD in both the shoots and roots was dramatically elevated compared with the control (non-NP exposed soil). The peak SOD activity in the shoots and roots occurred concurrently when the NP content of soil was 200 mg kg −1 (Fig. 5A) .
SOD is responsible for catalysing the disproportionation of O 2 •− to H 2 O 2 and O 2 , after which the H 2 O 2 is decomposed into H 2 O and O 2 by other enzymes such as CAT or POD. With the increase in the soil NP concentration in soil from 25 to 400 mg kg −1 , the CAT activity experienced a change in its "weak-strong-weak" type, and its peak value in the shoots and roots was observed in the 100 and 200 mg kg −1 soil NP treatments at 1.85-and 2.18-fold greater than the control (Fig. 5B ). As indicated in Fig. 5C , the POD activity in the shoots and roots of the tomato seedlings was also significantly activated by the NP treatment and synchronously reached its zenith when the NP concentration of the soil was 200 mg kg −1 , at 2.29-and 2.67-fold greater than the control, respectively. In comparison with the CAT, the POD appeared to be more sensitive to NP stress. The same results were previously reported and attributed to the stronger affinity of POD to H 2 O 2 than CAT 27, 47 .
The AsA-GSH cycle is a major metabolic pathway in plants for the detoxification of H 2 O 2 . It involves antioxidants, namely ascorbate, glutathione and NADPH, as well as enzymes linked to these antioxidants such as APX and GR 48, 49 . At the beginning of this cycle, H 2 O 2 was first converted to H 2 O by APX using ascorbate as the electron donor 50,51 . Davletova et al. 52 previously reported that the APX activity had a close connection to the ROS level in Arabidopsis. Additionally, the data from this study indicated that the APX activity of the tomato seedlings was modulated by NP-induced reactive oxygen stress, or rather that the APX activity could reflect the degree of NP toxicity (Fig. 5D ). GR, participates in the final step of the AsA-GSH system to reduce GSSG to GSH in the presence of NADPH, and it was also reportedly related to the conduction of the redox signal 53 . As shown in Fig. 5E , when exposed to 0-400 mg kg −1 soil NP, the changes in the GR activity in the shoots and roots were observed to keep pace with the APX every time, which is to say that the AsA-GSH system was fully mobilized to cope with the NP-induced ROS stress 54, 55 . Moreover, since GR is responsible for the regeneration of reduced glutathione (GSH) which plays a crucial role in degrading xenobiotics in higher plants 56, 57 , the increase in the GR activity in our study was much higher than the increase in the CAT and POD activity, suggesting that the GR activity was elevated to ensure sufficient GSH turnover in response to the NP-induced consumption of GSH. Consistent with our results, Wang et al. 24 found that chlorothalonil exposure increased both the activity and transcript level of GR for the GSH regeneration in tomato leaves.
GST catalyses the covalent binding of various electrophilic xenobiotics to the sulphur atom in GSH, which is a classical detoxification pathway in plant tissues 28, 58 . Not long ago, GST was reported to be a potent antidote to atrazine and ametryn in plants 28, 30, 59 . In addition, our recent study indicated that GST in wheat plants played an important role in the detoxification of simetryne 27 . In the present study, as shown in Fig. 5F , the GST activities in the shoots and roots first kept rising with the increased NP concentration in the soil, until the NP reached 200 mg kg −1 , and then with the further NP increase of concentration in the soil, the GST activity failed to continue to increase. This phenomenon might be caused by the "stress-elicited oxidative explosion" described by Joo et al. 60 www.nature.com/scientificreports www.nature.com/scientificreports/ that generated so many ROS, the adaptation and adjustment capacities of the antioxidants in the plant tissues were supassed, thereby inactivating the enzymes 27,61 . Transcript abundance. The above results showed that NP-stress could trigger growth depression, loss of chlorophyll, the acceleration of lipid peroxidation and the activation of the antioxidant system. To understand the transcriptional changes that occurred during these processes, we performed a semi-quantitative RT-PCR-based assay on Cu/Zn-SOD, CAT, POD, APX, GST and GR. www.nature.com/scientificreports www.nature.com/scientificreports/ NP treatment resulted in the significant upregulation of Cu/Zn-SOD expression in the tomato plants (Fig. 6) , and the highest levels in the leaves and roots both occurred at 200 mg kg −1 NP, at 2.74-fold and 2.44-fold greater than the control, respectively (Fig. 6) . The POD and CAT expression in the tomato plants was also increased in response to NP exposure, reaching a peak within 100-200 mg kg −1 NP. As shown in Fig. 6 , the change in the APX expression was similar to that of Cu/Zn-SOD with a slight difference, in that the maximum expression of APX appeared much earlier at 100 mg kg −1 NP. This phenomenon suggested that APX might be more sensitive to NP stress than SOD. In addition, the GST and GR expression shared the same variation pattern with that of Cu/ Zn-SOD, peaking at 200 mg kg −1 NP. Furthermore, by comparing Figs 5 and 6 , it is inescapably clear that, apart from the relative abundance of antioxidants in the roots and leaves, the response trend in antioxidants at the transcriptional level was roughly identical to that at the protein level. The same phenomenon was previously reported by Jiang and Yang 36 and was ascribed to the fact that transcription and translation were two complex mechanisms regulated by many factors, and they were therefore difficult to synchronize completely. Collectively, following NP exposure, the tomato plants comprehensively activated their defence mechanisms at both the molecular and physiological levels to enhance their tolerance to stress. In addition, the transcriptional parameters were good potential molecular markers for indicating the level of genotoxicity induced by exogenous toxicants such as NP.
Conclusions
The results presented in this study showed that the uptake and accumulation of NP in tomato seedlings became higher with the increased NP concentrations in soil treatments ranging from 25 to 400 mg kg −1 , which in turn not only intuitively restrained the growth of the seedlings, but it also led to the decline in total chlorophyll and the intensification of membrane lipid peroxidation in the plant tissues. Among the results, the total chlorophyll content of the leaf tissues decreased progressively with the increased soil NP, which would be an efficient indicator of the level of stress caused by NP in the soil-crop system. Moreover, when confronted with NP stress, tomato plants correspondingly evoked their stress-tolerant mechanism. As shown in the present study, the antioxidant system responsible for maintaining the balance between ROS production and clearance in plant tissues was significantly activated via both physiological and biochemical pathways to relieve the NP derived oxidative stress. Given the above findings, the biochemical and molecular responses of plants to NP would not only be useful for indicating the degree of NP contamination in agricultural environments, but it would also be instructive for formulating strategies to address the NP-induced damage to agricultural production, food security and human health. Figure 6 . Effects of NP on the transcript abundance of Cu/Zn-SOD, POD, CAT, APX, GST and GR in tomato plants. ACTIN was used for cDNA normalization. The PCR products of different genes were loaded to differenrt agarose gels (1%, w/v), and the cropped gels were displayed. Images of the full-length PCR gels are presented in Supplementary Fig. 1 .
